Biomarkers of drug-induced liver injury (DILI) are essential for the diagnosis of severe cases of DILI in clinical trials and clinical practice, but the currently used biomarker paradigm detects damage after it has occurred and has limited prognostic value. The development of new biomarker strategies that improve the diagnosis of DILI by providing increased specificity and/or by identifying individual patients who are at risk for DILI is therefore crucial.
Drug-induced liver injury (DILI) is the leading cause of acute liver failure in the US and the most common reason for US Food and Drug Administration regulatory actions regarding approved medications. It is estimated that preclinical evaluation of drug candidates using animal studies and conventional clinical pathology measures fail to detect up to 40% of potentially hepatotoxic compounds in humans. Current biomarkers of DILI are essential for the diagnosis of severe DILI, but their ability to differentiate severe DILI cases from mild ones at the onset of DILI and/or to predict an outcome following liver injury is limited. Furthermore, there is a lack of markers capable of identifying individuals who are susceptible to DILI. Multiple groups, from individual laboratories to large-scale international collaborations, are beginning to uncover new biomarkers that might improve the DILI diagnostic paradigm. One such study, by Jürgen Borlak and colleagues, identified individuals who are susceptible to acetaminophen (APAP)-induced liver injury using a proteomics approach [1] . In common with other recent studies, the latest work implicates the immune system in DILI. 
Current clinical practice
The most common circulating biomarkers used in clinical practice to detect liver injury measure either an alteration in the normal liver function (or homeostasis), such as differences in the levels of serum total bilirubin (Tbil) and total bile acids, or changes in tissue and cell integrity, which are detected by leakage of cell-specific components, such as alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP), into serum. Serum elevations of ALT and AST indicate hepatocellular damage, and increased circulating ALP is linked to hepatobiliary injury. To diagnose DILI, Hy's law is regarded as the gold standard and is based on a greater than threefold elevation of serum ALT accompanied by greater than two-fold increase in Tbil in the absence of hepatobiliary injury detected using ALP. Recently, Hy's law was modified to limit 'clinically irrelevant' increases of ALT, by increasing the threshold to five-fold and including ALP to cover the hepatobiliary component of DILI (reviewed in [2] ).
Although the current paradigm is useful for the diagnosis of severe DILI, there are several gaps that need to be addressed. These biomarkers detect damage after it has occurred and thus have limited prognostic value. In the case of Tbil, severe liver injury is often required before a significant increase is observed. By contrast, increases in ALT activity often indicate a transient hepatocellular injury that does not progress to severe damage (see [2] for review). Therefore, new and specific biomarkers that can complement those that are currently used and can improve the existing DILI diagnostic paradigm are essential. In particular, differentiating clinically relevant but mild cases of DILI from severe ones would improve both the diagnosis and management of DILI.
Indicators of liver injury
Both individual laboratories as well as international research projects, such as the Safer And Faster Evidence-based Translation (SAFE-T) consortium (started under the European Union Innovative Medicines Initiative) and the Critical Path Institute's Predictive Safety Testing Consortium, are evaluating novel biomarker approaches (for a review see [2] and Table 1 ). In a recently published study, which included the largest number of subjects to date, Schomaker and colleagues [3] evaluated the diagnostic utility of glutamate dehydrogenase (GLDH), purine nucleoside phosphorylase, malate dehydrogenase (MDH) and paraxonase 1 for liver injury in over 800 people, including healthy people of all ages, people with a variety of liver impairments and several cases of APAP poisoning. GLDH and MDH had a correlation with elevated ALT levels and possessed a high predictive power (determined by receiver operator characteristic analysis) for liver injury. An evaluation of patients with APAPinduced liver injury provided evidence that both GLDH and MDH might have utility as biomarkers of DILI.
To address the prognostic capability of emerging biomarkers for APAP poisoning, several studies evaluated miR122, high mobility group box-1 (HMGB1), caspasecleaved keratin-18 (K18) and GLDH in patients admitted to hospital for APAP overdose [4] [5] [6] . In the first study, HMGB1 and K18 did not predict survival after APAP poisoning [6] , but subsequent studies found that levels of miR122, HMGB1 and K18, which could be detected at early stages after the APAP overdose (on the admission to the hospital), provided better prognostic value than ALT and APAP blood concentrations, and were predictors of whether the subject would develop acute liver injury [4, 5] . In addition, a recent case study demonstrated the value of these biomarkers for decisionmaking before the initiation of therapy in APAPoverdosed subjects; miR122 and K18 elevations correctly identified the patient's need for N-acetyl cysteine therapy [7] . Although more research is needed, these findings indicate the usefulness of emerging biomarkers in the management of DILI.
Personalized medicine
The identification of individuals who are susceptible to DILI before treatment would improve drug safety. In such a paradigm, genetic or biochemical biomarkers would classify populations at risk of developing liver injury before exposure. This is the foundation of the personalized medicine approach, in which individual patients are treated with therapeutics based on their individual susceptibilities to known adverse drug effects. To date, several genome-wide association studies (GWAS) have identified specific genetic loci, such as HLA-B*5701, HLA-A*0201 and HLA-DQB1*0602, that confer predisposition to liver injury from the drugs flucloxallicin, amoxicillin and clavulanate, respectively [8, 9] . Despite these successes in identifying genetic predisposition to DILI for individual agents, the search for genetic loci that are associated with general DILI has proven to be difficult, as shown by a recent study [10] . In this GWAS of over 700 DILI patients from the USbased Drug-Induced Liver Injury Network and three international registries, a relatively weak association between STAT4 (signal transducer and activator of transcription protein 4 involved with the growth, survival and differentiation of cells and the development and function of the immune system) and DILI was observed, indicating a role for the immune system in DILI. The absence of other GWAS findings supports the idea that strong genetic determinants of DILI may be largely drug-specific or reflect rare genetic variations.
In search of non-genetic determinants of DILI susceptibility, the recently published study by Borlack and colleagues [1] used a proteomics approach to identify individuals who are susceptible to APAP-induced liver injury. In this case, healthy individuals exhibited a transient increase of ALT after treatment with the maximum allowable dose of APAP. Using differences in serum proteomic profiles (before APAP treatment) as indicators of individuals who were highly susceptible to APAP-induced liver injury, the study uncovered 20 proteins that function primarily in the acute phase and/or immune response as susceptibility factors. Both the presence of acute phase and immune response proteins before APAP treatment and the STAT4 genetic association mentioned above [10] provide further evidence for a crucial role of the immune response in predisposing individuals to DILI. More importantly, these findings provide a crucial impetus for further prospective studies to evaluate fully the ability of Alb, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; Ambp, α-1-microglobulin/bikunin precursor; ARG1, arginase 1; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; GLDH, glutamate dehydrogenase; αGST, α gluthathione-S-transferase; HMGB1, high mobility group box-1 protein; HPD, 4-hydroxyphenylpyruvate dioxygenase; IL-1β, interleukin-1β; IL-6, interleukin-6; K18, keratin-18; MDH, malate dehydrogenase; miRNA-122, microRNA-122; miRNA-192, microRNA-192; PON1, paraoxonase 1; PNP, purine nucleoside phosphorylase; TNFα, tumor necrosis factor-α.
genetic or biochemical biomarkers to identify populations at risk of developing liver injury.
Filling the gaps
Emerging biomarkers for human DILI show promise for improving our understanding and management of DILI cases. Nevertheless, several areas need to be addressed before these markers can be widely applied in clinical practice. Large cohorts of relevant clinical samples need to be analyzed. For ethical reasons, the development and evaluation of DILI biomarkers has mainly relied on cases of accidental APAP overdose. To increase our understanding of DILI, biomarker candidates need to be studied in both healthy volunteers and in patients with DILI caused by a wide spectrum of therapeutic agents and in those with non-drug-induced liver injury, for example in patients with liver disease or other organ injury.
Prospective clinical evaluation strategies using carefully designed clinical trials to detect drug-induced kidney, vascular and liver injury are being carried out by the SAFE-T consortium (reviewed in [2] ). The complexity and feasibility of prospective clinical studies, as well as the surrounding ethical issues, require the exploration of alternative sample-collection strategies; one example would be a retrospective approach that exploits discarded samples of liver damage etiologies from patients undergoing hospital visits [3] ; a second example would be the prospective collection and storage of samples from clinical trials conducted for drug development. The analysis of emerging biomarkers of hepatotoxicity in samples from large cohorts of diverse subjects will build confidence and broader acceptance of the markers, and potentially lead to improved understanding and management of DILI.
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